The nuclear lamina is a meshwork of intermediate lamin filaments lining the inner nuclear membrane. Results: Altering lamin concentrations in Xenopus extracts, embryos, and cultured mammalian cells affects nuclear size. Conclusion: Nuclear size is sensitive to lamin levels in Xenopus and mammalian cells. Significance: Lamin expression patterns may contribute to changes in nuclear size during normal development and carcinogenesis.
Cell size varies greatly among different cell types and organisms, and especially during early development when cell division is rapid with little overall growth. How organelle size is appropriately regulated relative to cell size, a phenomenon referred to as scaling, is a fundamental yet unanswered question (1, 2) . The nucleus is one organelle that exhibits exquisite size scaling between different species and cell types, as well as during development and cell differentiation (3) (4) (5) (6) . Importantly, the normal scaling relationship between cell and nuclear size is often abrogated in cancers, and many cancers are diagnosed and staged based on graded increases in nuclear size (7, 8) . Whether altered nuclear size is a cause or consequence of cancer initiation and progression remains unknown. To understand the physiological significance of nuclear size, we must first understand the proteins and mechanisms that contribute to the regulation of nuclear size.
A major structural component of the nuclear envelope (NE) 3 in metazoans is the nuclear lamina, a meshwork of intermediate lamin filaments that lines the inner nuclear membrane. Nuclear lamins are divided into two families, the A-type and B-type lamins. The overall structural organization of both lamin types includes a globular head domain at the amino terminus, a central ␣-helical rod domain, and an immunoglobulin (Ig) domain and nuclear localization sequence (NLS) toward the C terminus, with A-type lamins having a unique C-terminal extension. A conserved CaaX box at the extreme C terminus undergoes farnesylation, targeting lamins to the inner nuclear membrane. While B-type lamins are fairly ubiquitously expressed, A-type lamin expression is generally restricted to differentiated cell types. Lamins play important roles in a wide range of nuclear functions, including chromatin organization, gene expression, DNA replication and repair, signal transduction, and mechanical properties of the nucleus (9, 10) . Lamin mutations give rise to a broad spectrum of diseases termed laminopathies. For instance, while the C-terminal farnesylation on lamin A (LA) is usually removed by normal processing events, mutations that cause retention of the farnesyl group underlie a premature aging disease called Hutchinson-Gilford progeria syndrome (11) .
Lamins have previously been implicated in the regulation of nuclear morphology. For example, mouse embryonic fibroblasts depleted of lamin A/C exhibited misshapen nuclei and decreased nuclear stiffness, and cells deficient for lamin B1 (LB1) showed nuclear blebs and altered lamina meshwork size (12) (13) (14) . In keratinocytes lacking all lamins, NE and endoplasmic reticulum (ER) membranes spread into the chromatin (15) . Laminopathy patients generally exhibit irregularly shaped nuclei, including NE blebs and invaginations, further suggesting a role for lamins in the maintenance of normal nuclear morphology (16 -18) . However, nuclear size was not explicitly quantified in any studies that investigated how lamin expression in cells affects nuclear shape.
Studies in Xenopus have shown that certain lamin domains impact NE membrane structure. Addition of the C-terminal Ig-fold motif of lamin B3 (LB3) to nuclei pre-assembled in Xenopus egg extract inhibited nuclear expansion (19) . Overexpression of lamins containing a CaaX motif in cultured Xenopus cells and oocytes induced proliferation of NE membrane and the formation of intranuclear membrane structures (20 -22) . In vitro nuclear assembly in Xenopus egg extract depleted of embryonic LB3 resulted in small nuclei that failed to expand normally (23, 24) . Comparing X. laevis and X. tropicalis egg extracts, faster rates of LB3 nuclear import in X. laevis correlated with faster nuclear expansion kinetics, and ectopic addition of LB3 to X. tropicalis egg extract increased the rate of nuclear growth (6) . Similarly, LB3 overexpression in X. laevis embryos also resulted in increased nuclear size (5) . While these studies implicated LB3 in nuclear size control, to date there has not been a systematic investigation of how the type and level of lamin expression influences nuclear size.
One limitation to investigating how lamin concentrations impact nuclear size is the difficulty in precisely controlling lamin expression levels in vivo. In this report, we make use of Xenopus egg extracts, a powerful in vitro system for studying nuclear assembly and size (25, 26) . These extracts lack egg chromosomes but contain all the cytoplasmic proteins and membranes necessary to faithfully recapitulate nuclear assembly in vitro. Addition of demembranated Xenopus sperm to interphasic egg extract stimulates nuclear formation and expansion. Importantly, the open biochemical nature of this system offers many advantages over in vivo approaches. First, the composition of the extract can be easily and precisely manipulated by immunodepletion or addition of recombinant proteins at defined concentrations, as in the present study with lamin addition. Secondly, complex processes can be broken down into individual steps and studied in isolation, for instance here we specifically focus on nuclear expansion and size. Third, essential processes, that might pose viability issues in vivo, can be investigated in a cell-free setting. Furthermore, in this study we also utilize embryo extracts that offer all of the in vitro advantages of the egg extract system while allowing us to study endogenous embryonic nuclei in their native cytoplasm (26, 27) .
Studying nuclei assembled in Xenopus egg extracts, we find that nuclear growth and size are sensitive to the levels of nuclear lamins, with low and high concentrations increasing and decreasing nuclear size, respectively. Interestingly, each type of lamin that we tested (LB1, LB2, LB3, and LA) similarly affected nuclear size, whether added alone or in combination. These data suggest that total lamin concentration, and not lamin type, is more critical to determining nuclear size. Furthermore, we show that altering lamin levels in vivo, both in Xenopus embryos and mammalian tissue culture cells, also impacts nuclear size. These results have implications for normal development and cell differentiation, as well as disease states like cancer, where both nuclear size and lamin expression often vary.
Experimental Procedures
Recombinant Protein Expression and Purification-The expression constructs for LB3 (pDL4), GFP-LB3 (pDL5), and GFP-LB3 R385P (pDL12) have already been described (6, 28) . To generate the CAAX box mutant, site-directed mutagenesis was performed on pDL5 to mutate the cysteine residues at amino acids 578 and 579 in LB3 to serines (pDL82) (29) . Lamin A (DNASU Clone HsCD00296899) was cloned into pET30b at EcoRV and XhoI (pDL36), and GFP was cloned at BamHI and EcoRV (pDL44). Lamin B1 (DNASU Clone HsCD00043675) was cloned into pET30b at BamHI and XhoI (pDL39), and GFP was cloned at BamHI and EcoRV (pDL45). Lamin B2 (Open Biosystems Clone 2961134) was cloned into pET30a at EcoRI and HindIII (pDL42), and GFP was cloned at BamHI and EcoRI (pDL53). The lamin proteins were expressed in bacteria and purified by immobilized-metal affinity chromatography, as previously described (6) . Purified lamins were dialyzed into lamin storage buffer (10 mM HEPES, 300 mM KCl, 50 mM sucrose, 5% glycerol, pH 7.8).
Xenopus laevis Egg and Embryo Extracts-Egg and embryo extracts were prepared as previously described (27) . All Xenopus procedures and studies were conducted in compliance with the US Department of Health and Human Services Guide for the Care and Use of Laboratory Animals. Protocols were approved by the University of Wyoming Institutional Animal Care and Use Committee (Assurance A-3216-01).
Nuclear Assembly and Lamin Addition-Nuclear assembly reactions in X. laevis egg extract were assembled as previously described (27) . After 30 -35 min, when nuclear assembly was confirmed, 2.5 l of recombinant lamin protein diluted in lamin storage buffer were added to 25 l of extract containing pre-assembled nuclei. The concentration of the lamin stock solution was adjusted to vary the final concentration of lamin protein added to the reaction. For control reactions, 2.5 l of lamin storage buffer were added. The reaction was allowed to proceed an additional 75 min at 20°C prior to fixation. We opted to supplement extract with recombinant lamins after nuclear assembly to ensure that ectopic lamin addition would not alter the kinetics of NE formation (data not shown).
Embryo Microinjections-A plasmid consisting of pCS2ϩ containing GFP-LB3 (pDL19) was previously described (6) . Lamin A (DNASU Clone HsCD00296899) was cloned into pCS107-GFP-3STOP (a gift from John Wallingford) at EcoRI and XhoI (pDL38). Lamin B1 (DNASU Clone HsCD00043675) was cloned into pCS107-GFP-3STOP at XhoI and EcoRV (pDL37). mCherry-LB2 was removed from pDL24 (see below) and cloned into pCS2ϩ at XbaI (pDL43). Plasmids were linearized with NotI (pDL19 and pDL43) or KpnI (pDL38 and pDL37), and mRNA was expressed from the SP6 promoter using the mMessage mMachine kit (Ambion). X. laevis embryos were prepared, microinjected with mRNA (ranging from 200 -1000 pg per embryo) or protein (see figures for injected concentrations), cultured, and used to prepare embryo extracts, as previously described (5) .
Fixation and Immunofluorescence-Nuclei in egg or embryo extract were fixed, spun onto coverslips, and processed for immunofluorescence as previously described (27) . For NPC staining, the primary antibody was mAb414 (Covance; 1:1000 dilution in PBS-3% BSA) and the secondary antibody was Alexa Fluor 568 anti-mouse IgG (Molecular Probes; 1:500 dilution in PBS-3% BSA). For GFP staining, the primary antibody was A-6455 (Invitrogen; 1:1000 dilution in PBS-3% BSA) and the secondary antibody was Alexa Fluor 488 anti-rabbit IgG (Molecular Probes; 1:1000 dilution in PBS-3% BSA). To confirm that centrifugation of nuclei onto coverslips was not altering apparent nuclear size, we quantified nuclei applied directly to a glass slide and visualized with Hoechst and GFP-NLS. Similar to results reported in Figs. 1 and 2, supplementing extract with 0.5 nM GFP-LB3, GFP-LB1, GFP-LB2, or GFP-LA increased cross-sectional nuclear area, while nuclei were smaller when lamins were added at 48 nM (data not shown).
Microscopy and Image Quantification-Nuclei were visualized with a fluorescence microscope (BX51; Olympus) using the following objectives: UPLFLN 20ϫ (NA 0.50, air; Olympus), UPLFLN 40ϫ (NA 0.75, air; Olympus), and UPLANAPO 60ϫ (NA 1.20, water; Olympus). Images were acquired with a QIClick Digital charge-coupled device camera, mono, 12-bit (model QIClick-F-M-12) using cellSens software (Olympus). Images for measuring fluorescence staining intensity were acquired using the same exposure times. Total fluorescence intensity and cross-sectional nuclear area were measured from the original thresholded images using MetaMorph software (Molecular Devices). For publication, images were cropped and pseudocolored using ImageJ, but were otherwise unaltered. Where indicated, confocal imaging was performed on a spinning-disk confocal microscope based on an Olympus IX71 microscope stand equipped with a LMM/ILE/4 laser launch (Spectral Applied Research) and switchable two-fiber output to facilitate imaging through either a Yokogawa CSU-X1 spinning-disk head or TIRF illuminator. Confocal images were acquired with an ORCA-Flash4.0 V2 Digital CMOS C11440-22CU camera (ImagEM, Hamamatsu). Z-axis focus was controlled using a piezo Pi-Foc (Physik Instrumentes), and multiposition imaging was achieved using a motorized Ludl stage. An Olympus UPLSAPO 60x (N.A. 0.85, oil) objective was used. Image acquisition and analysis and all system components were controlled using Metamorph software. Z-slice thickness was generally 0.2 m. NPC signal intensities were quantified from 4 -6 20 m 2 regions from a NE slice at the periphery of the nucleus to calculate NPC density. Area and circumference for each slice were measured, and total NE surface areas were calculated as the sum of the circumferences multiplied by the slice thickness. NPC density values were multiplied by the NE surface area values to calculate total NPC intensity per nucleus. NE areas for each slice were quantified from thresholded images and summed for each control nucleus and nucleus with crumpled morphology to estimate total membrane area for each nucleus.
Western Blots-Known amounts of recombinant lamin proteins (see figure legends) and 10 l each of stage 8, 11, 15, 19 , and 28 embryo extracts were separated on 10% SDS-PAGE gels. Proteins were transferred to PVDF and probed with the following primary antibodies: anti-LB1 from rabbit at 1:1000 (Assay Biotechnology Company, R12-2224), anti-LB2 from rabbit at 1:1000 (Abgent, AP6737b), anti-LA from rabbit at 1:200 (Boster, PA1103). We verified that these lamin antibodies were unique for a given lamin type by testing them against our different recombinant lamin proteins. For normalization, a mouse antibody against Ran was used at 1:2000 (BD Transduction Laboratories, 610341). To measure the level of ectopic lamin expression in microinjected embryos, a rabbit antibody against GFP was used at 1:1000 (Invitrogen, A-6455). Secondary antibodies used at 1:20,000 were IRDye 800CW anti-rabbit (Li-Cor 926-32211) and IRDye 680RD anti-mouse (Li-Cor 925-68070). Blots were scanned on a Li-Cor Odyssey CLx instrument, and band quantification was performed with ImageStudio.
Tissue Culture-The control GFP-NLS plasmid was from Invitrogen (V821-20). Lamin B2 (Open Biosystems Clone 2961134) was cloned into pEmCherry-C2 (a derivative of pEGFP-C2, a gift from Anne Schlaitz) at BamHI and EcoRI (pDL24). GFP-lamin A was removed from pDL38 and cloned into pcDNA3.1(ϩ) at BamHI and XhoI (pDL74). GFP-LB1 was removed from pDL37 and cloned into pcDNA3.1(ϩ) at BamHI and EcoRV (pDL75). LB2 without a fluorescent tag was cloned from pDL24 into pcDNA3.1(ϩ) at HindIII and XbaI (pDL78). LB1 without a fluorescent tag was cloned from pDL39 into pcDNA3.1(ϩ) at BamHI and XhoI (pDL79). LA without a fluorescent tag was cloned from pDL36 into pcDNA3.1(ϩ) at EcoRI and XhoI (pDL80). To knockdown expression of specific lamins, the following siRNAs were used: LB2 (Ambion, s39477), LA (Sigma, SASI_Hs02_00367643), LB1 (Sigma, SASI_Hs01_ 00203184), universal negative control (Sigma, SIC001). Cell lines used were MRC-5 normal human lung fibroblasts (a gift from Jason Gigley) and HeLa cells stably expressing GFP-histone H2B (a gift from Jay Gatlin). Both cell lines were cultured at 37°C with 5% CO 2 in DMEM media supplemented with 10% fetal bovine serum and 50 IU/ml penicillin and streptomycin. Cells were grown to confluency and seeded (1:6 for HeLa and 1:3 for MRC-5) in 24-well plates for both plasmid and siRNA transfections. At 70 -90% confluency, transient plasmid transfections were performed with Lipofectamine 3000 (Invitrogen). Briefly, in one tube, 1.5 g of DNA were added to 25 l of Opti-MEM media plus 3 l of P3000 reagent. In a separate tube, 1.5 l of Lipofectamine 3000 reagent were added to 25 l of Opti-MEM medium. The two were mixed and incubated at room temperature for 5 min. Media was removed from the 24-well plates and replaced with 500 l/well of fresh culture medium and the 50 l of DNA-Lipofectamine complex. 6 h (HeLa) or 48 h (MRC-5) after transfection, cells were seeded onto acid-washed 18 mm square coverslips in 35 ϫ 10 mm dishes with 2 ml of fresh culture medium. 24 h later, coverslips were washed with PBS (without Mg 2ϩ and Ca 2ϩ ), fixed with 4% paraformaldehyde for 20 min, washed, stained with 5 g/ml Hoechst for 5 min, washed, mounted in Vectashield (Vector Laboratories), and sealed with nail polish. Transient siRNA transfections were performed with Lipofectamine RNAiMAX (Invitrogen). To identify transfected cells, siRNAs were cotransfected with 1.5 g of pEmCherry-C2. Briefly, 3 l of 10 M siRNA and 1.5 g of pEmCherry-C2 plasmid were diluted in 50 l of Opti-MEM media, 3 l of Lipofectamine RNAiMAX reagent were diluted in 50 l of Opti-MEM, and the two were mixed and incubated at room temperature for 5 min. The 50-l transfection mixture was added to 500 l of culture medium and incubated for 1 day (HeLa) or 3 days (MRC-5). Cells were then seeded onto coverslips, cultured an additional 24 h, and fixed and processed as described above for plasmid transfections. Images were acquired and nuclear sizes quantified as described above under "Microscopy and Image Quantification."
Statistics-Nuclear cross-sectional areas were measured from thresholded images in MetaMorph (Molecular Devices). For each coverslip, at least 50, and usually Ͼ800, nuclei were quantified, and areas were averaged. Unless otherwise noted, nuclear area measurements were normalized to controls. Averaging and statistical analysis were performed for independently repeated experiments. Two-tailed Student's t-tests assuming equal variances were performed in Excel (Microsoft) to evaluate statistical significance. The p values, number of independent experiments, and error bars are denoted in the figure legends.
Results

Nuclear Size Is Sensitive to the Concentration of Lamin B3 in X. laevis Egg Extract-Nuclear size decreases during early
Xenopus development. After fertilization, the embryo undergoes 12 rapid cleavage cell divisions, giving rise to ϳ4000 cells at stage 8, also known as the midblastula transition (MBT). During this time, the average nuclear volume decreases ϳ3-fold (5) . At the MBT, major zygotic transcription begins and cell divisions become longer and asynchronous. Gastrulation encompasses stages 10.5-12 (30) , and average nuclear volume decreases another ϳ3-fold from the MBT up to this point in development (5) . The major B-type lamin present in the egg and pre-MBT embryos is lamin B3 (LB3) (31) . Previous work showed that LB3 levels increase in the embryo around the MBT, from 75 nM to 260 nM (6) . We wanted to test if this increase in LB3 expression might contribute to the reduction in nuclear size around the MBT. For these experiments, we used bacterially-expressed and purified GFP-LB3. Previous studies have shown that recombinant lamins exhibit structures and behaviors similar to endogenous lamins, exisiting as dimers/ tetramers or paracrystals depending on buffer conditions (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) , and being chaperoned by importins (42) . In addition to our bacterially expressed GFP-LB3 being imported into nuclei and incorporated into the NE (6), we also determined that it becomes farnesylated in X. laevis egg extract (data not shown), further justifying the use of these recombinant lamin proteins in our study.
We assembled nuclei in X. laevis egg extract and then supplemented the extract with increasing concentrations of recombinant GFP-LB3. Nuclear expansion was allowed to proceed for an additional 75 min, and we then compared nuclear size to control extracts to which buffer was added in place of recombinant LB3 protein. Since nuclei expand continuously in egg extract, this time point serves as a proxy for the nuclear expansion rate, and at this time nuclei have nearly reached their largest size before physical integrity of the NE becomes compromised (6) . Low levels of additional LB3, less than 10 nM, resulted in larger nuclei with 10 -40% greater surface areas ( Fig.  1 ). While incorporation of GFP-LB3 into the NE was barely visible at sub-nanomolar concentrations, nuclear GFP-LB3 was evident at higher concentrations ( Fig. 1A) . Furthermore, immunofluorescence against GFP revealed NE rim localization of GFP-LB3 at lower concentrations, demonstrating the recombinant protein correctly localizes and is functional (Fig. 1B) . Addition of GFP-LB3 mutant proteins defective for farnesylation or assembly into the lamina failed to increase nuclear size ( Fig. 1D ). Large nuclei had approximately the same total NPC staining as control nuclei, and bulk import monitored with GFP-NLS was not significantly altered by lamin addition (data not shown).
Higher LB3 levels greater than 10 nM generally slowed nuclear expansion, resulting in nuclei that were smaller than the control. Concomitant with this reduction in nuclear size, we often noted intranuclear GFP-LB3 puncta and a more irregular crumpled NE morphology (ϳ25% of nuclei), whereas the GFP-LB3 was almost exclusively NE-localized at lower concentrations. Based on confocal imaging, we determined that the total NE surface area of crumpled nuclei was less than that of control nuclei (data not shown). To confirm that the GFP tag was not contributing to the observed effects on nuclear size, we tested a LB3 protein without a GFP tag and obtained similar results ( Fig. 1, C and D) . Previous work showed that the addition of other nuclear targeted proteins like GFP-NLS and nucleoplasmin across a wide range of concentrations had no effect on nuclear size (6) . Our experiments with GFP-NLS were consistent, as adding GFP-NLS to nuclei assembled in egg extract did not affect nuclear size (data not shown), supporting the idea that the effects we see here are lamin-specific. The amount of LB3 that resulted in larger or smaller nuclei varied between experiments, consistent with previously noted extract-to-extract variability (6, 27, 43) . Nonetheless, a general trend was evident where low levels of LB3 increased nuclear size and higher levels of LB3 decreased nuclear size.
Nuclear Size Is Sensitive to the Concentrations of Somatic Aand B-type Lamins in X. laevis Egg Extract-Having observed a concentration-dependent effect of LB3 on nuclear size, we next tested the effects of different lamin types on nuclear size. We generated recombinant GFP-lamin B1 (GFP-LB1), GFP-lamin B2 (GFP-LB2), and GFP-lamin A (GFP-LA) proteins and verified their proper localization to nuclei assembled in X. laevis egg extract ( Fig. 2A) . We next titrated different levels of each lamin into egg extract containing pre-assembled nuclei and quantified their effect on nuclear size. Each individual lamin affected nuclear size similarly to LB3. Low levels modestly increased nuclear size, while higher levels reduced nuclear growth leading to nuclei that were smaller than control nuclei (Fig. 2) . Similar results were obtained with lamin proteins lacking a GFP tag ( Fig. 2B, open symbols) . We verified by intensity of Hoechst staining that the DNA content of larger and smaller nuclei did not differ significantly from that of control nuclei (data not shown). In general, the threshold lamin concentration where nuclear size switched from larger to smaller occurred ϳ10 nM. Interestingly, at high lamin concentrations greater than ϳ100 nM, nuclear size was similar to or even slightly larger than control nuclei in some experiments (Fig. 2B) .
Mimicking Embryonic Lamin Levels in X. laevis Egg Extract-We next wanted to compare our egg extract results to the in vivo lamin levels present during normal X. laevis development. It was previously reported that LB1 is first expressed around the MBT, followed by LB2 at stage 12, while LB3 levels drop after stage 20 (31, 44) , roughly consistent with recent transcriptomics and proteomics studies (45) (46) (47) . To quantitatively assess lamin expression levels over the course of early Xenopus development, we performed immunoblots using different stage embryo extracts. We first tested commercial antibodies against our recombinant lamin proteins to verify that each antibody was specific for a single lamin type (data not shown). We then immunoblotted different stage embryo extracts along with known amounts of recombinant lamin proteins, and estimated the amount of each lamin type present at different stages of embryonic development (Fig. 3A ).
With this quantitative information in hand, we added different lamin concentrations to nuclei assembled in egg extract to approximate the endogenous lamin concentrations found in stage 8, 11, and 19 embryos. We found that lamin combinations ranging from 45-225 nM in total slowed nuclear expansion and resulted in nuclei that were smaller than buffer-treated controls Recombinant GFP-LB3 was added to the indicated final concentrations, and the same total volume was added to each reaction. For the control reaction, an equal volume of lamin storage buffer was added. Nuclear growth was allowed to proceed for an additional 75 min at 20°C. Nuclei were fixed, spun onto coverslips, processed for immunofluorescence, and stained with mAb414 to visualize the NPC (red) and Hoechst to visualize the DNA (blue). Representative images are shown. White arrows denote intranuclear lamin puncta that form upon addition of high concentrations of recombinant lamin proteins. B, for the representative images at the top of the panel, immunofluorescence against GFP was performed, demonstrating that low concentrations of GFP-LB3 properly localize to the NE. The bar graph shows nuclear size data from one representative experiment. For each bar, the cross-sectional areas of 150 -870 nuclei were measured from NPC-stained nuclei and averaged. The error bars are S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001, NS, not significant. C, cumulative data from 20 different X. laevis egg extracts are shown. For each data point, the average cross-sectional nuclear area was measured as in B and normalized to the buffer addition control (bold horizontal line set at 1.0). The red symbols represent data for LB3 protein without a GFP tag. The error bars are S.E. All normalized nuclear area data points greater than 1.05 and less than 0.94 are statistically different from the buffer control (1.0) by at least p Ͻ 0.05. Due to variability between egg extracts, the data were normalized to the buffer addition control, and S.E. error bars are shown rather than larger S.D. error bars that obscure visualization and interpretation of the data. D, similar experiments were performed except that mutant LB3 proteins were added at low (2 nM) or high (34 nM) concentrations. The gray data are for GFP-LB3. The blue data are for LB3 without a GFP tag. The red data are for GFP-LB3 in which the CAAX box was mutated so it cannot be farnesylated (LB3 amino acids 578 and 579 mutated from cysteines to serines). The green data are for GFP-LB3 with an R385P point mutation within LB3 that renders the protein defective for assembly into the nuclear lamina. For each bar, the cross-sectional areas of 152-944 nuclei were measured from NPC-stained nuclei, averaged, and normalized to the buffer addition control (set at 1.0). The error bars are S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001, NS, not significant. NOVEMBER 13, 2015 • VOLUME 290 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 27561 ( Fig. 3B) . This effect was similar to what we observed when we supplemented extract with single lamins (Figs. 1 and 2) , as well as when we added lamins to extract immunodepleted of LB3 (data not shown). In all cases, similar concentration-dependent effects were observed where low levels of single lamins led to larger nuclei, while higher levels of single lamins or lamin combinations greater than ϳ10 nM resulted in smaller nuclei relative to controls. Lamin combinations did not appear to have any additive effects, and single lamins added at the same total concentrations caused similar changes in nuclear size. Taken together, these data suggest that in terms of nuclear size regulation, lamin concentration is more important than the specific type of lamin expressed, with potential redundancy across lamin types.
Nuclear Lamin Levels Affect Nuclear Size
Lamin Expression Levels Impact in Vivo Nuclear Size in Xenopus Embryos-To test how lamin expression modulates nuclear size in vivo, we examined how altering lamin levels in Xenopus embryos affected nuclear size. First, to segue between the in vitro and in vivo experiments, we generated pre-MBT early stage 8 embryo extracts containing endogenous embryonic nuclei and supplemented these extracts with defined concentrations of recombinant lamins. After a 60-min incubation, we quantified changes in nuclear size. Low concentrations of added recombinant lamins, generally less than ϳ10 nM, caused nuclear surface area to expand by 20 -50% relative to control nuclei supplemented with only lamin storage buffer. Higher lamin concentrations led to more modest increases or no change in nuclear size (Fig. 4) . Notably, nuclei did not shrink smaller when embryo extract was supplemented with high lamin concentrations. Similar to results in egg extract, despite extract-to-extract variability, each lamin type showed a similar general effect on nuclear size, and intranuclear lamin aggregates were apparent at high lamin concentrations (Fig. 4A ). Moving into the in vivo system, we microinjected one-cell stage X. laevis embryos with recombinant lamin proteins and allowed the embryos to develop to early stage 8. We then isolated and quantified endogenous embryonic nuclei. Nuclei in embryos injected with LB1, LB2, LB3, or LA to a final concentration of 1 nM were larger compared with buffer injected control embryos. Embryos injected with higher concentrations of any single lamin or combinations of lamins exhibited nuclear sizes similar to or slightly smaller than control embryos (Fig.  5A) . Because of the difficulty in knowing the lifetime and fate of these microinjected proteins, we next microinjected mRNAs that would allow for more long-term lamin expression.
To determine if ectopic lamin expression within the embryo would alter nuclear size in later stages of development, we ). 10 l each of different stage X. laevis embryo extracts were loaded to the right side of each gel. Blots were probed with antibodies previously shown to be specific to each lamin type (data not shown), as well as Ran as a loading control. Absolute protein amounts were determined by comparing band intensities, quantified by infrared fluorescence, to the known amounts of recombinant lamins on the same blot. Embryo extracts prepared from three different frogs were quantified, and one representative Western blot is shown for each lamin. Values below each lane represent the mean Ϯ S.D. (n ϭ 3). LB3 amounts were similarly measured previously as 0.75 pmol in the egg, 2.6 pmol in stage 8, 0.3 pmol in stage 11, and negligible in later stages (6) . The bar graph shows average total lamin concentrations present at each stage of development with S.D. error bars (n ϭ 3). B, similar experiments were performed as in Fig. 1 , except that different lamin combinations were added to nuclei pre-assembled in egg extract (see figure legend for Fig. 1 ). Lamin combinations that approximated stage 8 were: 175 nM LB3 and 50 nM LB1 (blue diamonds). Lamin combinations that approximated stage 11 were: 50 nM LB1 and 50 nM LB2 (red squares). Lamin combinations that approximated stage 19 were: 20 nM LB1, 20 nM LB2, and 5 nM LA (green triangles). Cumulative data from 5 different X. laevis egg extracts are shown. For each data point, the cross-sectional areas of 85-840 nuclei were measured from NPC-stained nuclei, averaged, and normalized to the buffer addition control (bold horizontal line set at 1.0). The error bars are S.E. All normalized nuclear area data points are statistically different from the buffer control (1.0) by at least p Ͻ 0.01. NOVEMBER 13, 2015 • VOLUME 290 • NUMBER 46
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microinjected single-cell embryos with mRNA encoding the different lamin types, allowed embryos to develop to stage 11-12, and then isolated and quantified nuclei from these embryos. First, we showed that the fluorescently labeled lamins encoded by the injected mRNAs were expressed, both by immunoblot (data not shown) and by their functional incorporation into the nucleus (Fig. 5B ). Next, we quantified nuclear size as a function of the level of ectopic lamin protein expression, estimated from immunoblots. Consistent with our in vitro results, lower lamin expression levels led to increased nuclear size in embryos and greater lamin expression decreased nuclear size compared with control-injected embryos (Fig. 5C ). The approximate concentration of ectopic lamin expression where nuclear size shifted from being larger to smaller occurred ϳ150 -200 nM. This concentration is an order of magnitude greater than the 10 nM threshold observed for the in vitro studies with egg and pre-MBT embryo extracts. While these differ-ent thresholds may result from differences between the in vitro and in vivo systems, a more likely explanation is that lamin concentrations affect nuclear size differently depending on the developmental context (i.e. egg or early embryo versus gastrula). This idea is further explored in the "Discussion." Importantly, embryos expressing high levels of ectopic lamins do not undergo developmental arrest, are viable, and can develop into tadpoles (data not shown). Taken together, these data demonstrate that in vivo embryonic nuclear size is sensitive to lamin expression levels.
Lamin Expression Levels Impact in Vivo Nuclear Size in Mammalian Cells-To extend our in vivo Xenopus results, we tested if altering lamin expression levels in mammalian tissue culture cells also affected nuclear size. We transiently transfected HeLa and MRC-5 (normal human lung fibroblast) cells with different lamin expression constructs and verified that the ectopically expressed fluorescently labeled lamins were local- ized to the nucleus (Fig. 6, A and C) . Generally, the ectopic lamin protein was properly localized to the nucleus in a smooth ring within the NE and an oval nuclear morphology was maintained. Nuclear size was quantified 1-3 days after plas-mid transfection. In both cell types, ectopic expression of LB1, LB2, or LA resulted in increased average nuclear size compared with GFP-NLS control-transfected cells. Lamin expression increased nuclear surface area by 5-25% in HeLa cells and Embryos were allowed to develop to early stage 8, and embryo extracts were prepared. Extracts containing endogenous embryonic nuclei were fixed, and nuclei were spun onto coverslips and visualized as described in Fig. 1 . For each data point, 50 -100 embryos were microinjected and the cross-sectional areas of 460 -2360 nuclei were measured from NPC-stained nuclei, averaged, and normalized to the buffer injected control (bold horizontal line set at 1.0). The error bars are S.E. *, p Ͻ 0.05; ***, p Ͻ 0.001; NS, not significant. B, single-cell X. laevis embryos were microinjected with mRNA encoding the indicating lamins or water as a control. Embryos were allowed to develop to stage 11-12 and embryo extracts were prepared. Extracts containing endogenous embryonic nuclei were fixed, and nuclei were spun onto coverslips and visualized as described in Fig. 1 . Representative images are shown. For the control, nuclei stained for the NPC with mAb414 are shown, while in the other images fluorescently labeled lamins are visualized. C, nuclear size data from the experimental approach described in B are plotted as a function of the concentration of ectopically expressed lamins. For each data point, 50 -100 embryos were microinjected and the cross-sectional areas of 70 -2900 NPC-stained nuclei were measured, averaged, and normalized to the water-injected control (bold horizontal line set at 1.0). On the x axis, the concentrations of ectopically expressed lamin proteins were estimated from infrared fluorescence Western blots by comparing the amounts of GFP-or mCherry-tagged lamins in extracts from microinjected embryos to known amounts of recombinant lamin proteins loaded on the same gel (data not shown). The error bars are S.E. All normalized nuclear area data points greater than 1.05 and less than 0.98 are statistically different from the control (1.0) by at least p Ͻ 0.05. NOVEMBER 13, 2015 • VOLUME 290 • NUMBER 46 10 -50% in MRC-5 cells (Fig. 6, B and D) . Nuclear size was similarly increased by ectopic LB2 expression in U2OS osteosarcoma cells (data not shown). HeLa cells transfected with lamin expression constructs lacking fluorescent tags exhibited similar increases in nuclear size, confirming that the tags were not contributing to observed effects on nuclear size (Fig. 6D) .
Nuclear Lamin Levels Affect Nuclear Size
The level of ectopic lamin expression over endogenous levels in
HeLa cells, as measured by immunoblotting, was 49% Ϯ 19% for LB1, 45% Ϯ 29% for LB2, and 17% Ϯ 6% for LA (average Ϯ S.D., n ϭ 3 experiments; Fig. 6D ). When examined on a cell-by-cell basis, a weak positive correlation was noted between the signal intensity of the fluorescently labeled lamins and nuclear size, in both transfected HeLa and MRC-5 cells (data not shown). by this approach, we noted a small proportion of transfected cells that expressed particularly high levels of the fluorescently labeled lamins. In these cases, the nuclei tended to be abnormally shaped and smaller than controls, the NE was wrinkled, and there were intranuclear lamin puncta that excluded chromatin and appeared to disrupt chromatin organization. Cytoplasmic lamin puncta were also observed in some cells.
While it is difficult to precisely control lamin expression levels
Nuclear Lamin Levels Affect Nuclear Size
In a complementary set of experiments, we observed that nuclear size was reduced in HeLa cells transiently transfected with siRNA to individually knockdown the levels of different lamin types (Fig. 6, E and F) . By DNA staining and histone labeling, the chromatin in these small nuclei appeared highly condensed compared with cells transfected with a control siRNA. We confirmed that these cells were not undergoing apoptosis by absence of staining for activated caspase-3/7 (data not shown). We verified by intensity of Hoechst staining that nuclear DNA content did not significantly differ in cells ectopically expressing lamins or in siRNA treated cells (data not shown). Lamin overexpression or depletion did not appear to induce cell cycle arrest, as there were no obvious changes in cell growth rates or mitotic indices. Furthermore, transfected HeLa cells arrested in G2/M still exhibited increased or decreased nuclear size upon ectopic lamin expression or lamin depletion, respectively (data not shown). Taken together, these data show that mammalian nuclear size is also sensitive to lamin expression levels.
Discussion
In this study, we report that the sizes of nuclei assembled in X. laevis egg extract are sensitive to the nuclear lamin concentration. Furthermore, altering lamin levels in embryos and mammalian tissue culture cells also leads to changes in nuclear size. We observed a trend indicating that total lamin concentration is more relevant to dictating nuclear size than the type of lamin expressed. Our data also suggest that cellular context matters in determining how lamin concentrations will affect nuclear size. In the egg and early pre-MBT embryo, very low levels of lamin addition lead to nuclear size increases while higher lamin levels decrease nuclear size. In later stage, post-MBT embryos, the curve is shifted so that relatively high lamin levels are necessary to increase nuclear size and even higher levels decrease nuclear size (Fig. 7) . Therefore, when examining the impact of lamins on nuclear size, it is important to consider both lamin expression levels as well as the developmental stage and cell type. A recent study showed that lamin levels are critical in regulating lamina assembly and the association of other NE proteins such as nuclear pore complexes and emerin (48) . It seems likely that lamin concentrations might impact other known functions and properties of the lamina, for instance in regulating chromatin organization, DNA replication and repair, gene expression, aging, cellular senescence, and biomechanical properties of the nucleus (9, 11, 49) .
How might lamins lead to larger nuclear size? It is well established that lamins are required for nuclear expansion during interphase, for example nuclei assemble but fail to grow in X. laevis egg extracts depleted of lamins (23, 24) . The NE is continuous with the ER and can be thought of as an extended ER sheet, and it has been proposed that there is a tug-of-war relationship between the two membrane systems (50) . During NE assembly, ER tubules contact and spread across the chromatin (51) , and altering the relative proportions of ER tubules and sheets can have concomitant effects on nuclear size (5, 50) . As nuclei expand and import lamins during interphase, the mechanical properties of the assembling lamina meshwork may resist the tendency of ER tubules to extract membrane from the NE. Greater lamin import might therefore be expected to result in increased NE growth. Consistent with this idea, the nuclear lamina has been shown to be an important determinant of NE stiffness (13, 52) .
Somewhat surprising was the relatively low amounts of ectopic lamins sufficient to increase nuclear size. The import capacity of X. laevis egg extract is extremely high and even small increases in import kinetics can have a dominant negative effect on nuclear size (6) . Furthermore, we have determined that all LB3 present in a stage 8 embryo (ϳ4000 cells) is incorporated FIGURE 6. Lamin levels affect nuclear size in mammalian tissue culture cells. A, MRC-5 cells were transiently transfected with plasmids expressing GFP-NLS, GFP-LA, GFP-LB1, or mCherry-LB2. Two days after transfection, cells were transferred to coverslips. After another day, cells were fixed and stained with Hoechst to visualize the DNA (blue). Representative images are shown. B, nuclear cross-sectional areas were quantified from the red or green channel, depending on the fluorescent label, for transfected MRC-5 cells. For each data point, the cross-sectional areas of 133-608 nuclei were measured and averaged. Error bars are S.D. From left to right, the number of nuclei quantified/p values are: 608/not applicable, 133/10 Ϫ31 , 149/10 Ϫ54 , 215/10 Ϫ62 , 403/not applicable, 163/0.007, 204/10 Ϫ9 , 224/10 Ϫ50 . C, HeLa cells stably expressing GFP-histone H2B were transiently transfected with plasmids expressing GFP-NLS, GFP-LA, GFP-LB1, or mCherry-LB2. Because of the presence of GFP-H2B, all of these plasmids except for mCherry-LB2 were co-transfected with an mCherry plasmid, to clearly identify transfected cells. One day after transfection, cells were transferred to coverslips. After another day, cells were fixed and stained with Hoechst to visualize the DNA (blue). Representative images are shown. For the GFP-LA and GFP-LB1 images, the lamin signal was much stronger than the histone signal, still a weak GFP-H2B signal is visible for all nuclei. Short white arrowheads denote nuclei with intranuclear lamin puncta and/or abnormal nuclear morphology. D, nuclear cross-sectional areas were quantified from the red or green channel, depending on the fluorescent label, for transfected HeLa cells. For each data point, the cross-sectional areas of 178 -2948 nuclei were measured and averaged. Error bars are S.D. From left to right, the number of nuclei quantified/p values are: 2948/not applicable, 195/0.03, 285/10 Ϫ36 , 291/10 Ϫ38 , 178/not applicable, 192/0.13, 356/10 Ϫ6 , 178/10 Ϫ4 , 1006/not applicable, 219/10 Ϫ30 , 362/10 Ϫ38 , 728/10 Ϫ65 . To quantitatively evaluate the level of lamin overexpression, we performed Western blots on lysates of transfected HeLa cells (data not shown). Blots were probed with antibodies against LB1, LB2, or LA, as described under "Experimental Procedures." To quantify the relative amount of ectopic lamin expression, intensity of the GFP-or mCherry-tagged lamin band was divided by the intensity of the endogenous lamin band. The amount of ectopic lamin expression for Experiments 1, 2, and 3, respectively, was 56, 27, 63% for LB1; 35, 23, 78% for LB2; 20, 10, 20% for LA. For Experiment 4, HeLa cells were transiently transfected with plasmids expressing LA, LB1, or LB2 and co-transfected with an mCherry plasmid to allow for identification of transfected cells. Nuclear cross-sectional areas were quantified from Hoechst-stained cells. E, HeLa cells were transiently transfected with siRNA against the indicated lamin or a control siRNA with no target in the human genome. Cells were co-transfected with an mCherry plasmid to allow for identification of transfected cells. One day after transfection, cells were transferred to coverslips. After another day, cells were fixed and stained with Hoechst. Representative images of Hoechst-stained nuclei are shown. White arrows denote nuclei in cells that received the indicated siRNA, as determined by co-transfection with the mCherry plasmid and corresponding mCherry fluorescence (not shown). NOVEMBER 13, 2015 • VOLUME 290 • NUMBER 46
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into the nuclei, with little LB3 remaining in the cytoplasm (data not shown), so we expect that most of the endogenous LB3 is incorporated into the in vitro assembled nuclei. Thus, it seems reasonable that a relatively small influx of ectopic lamins can lead to an increase in nuclear size, given the extremely fast import kinetics of the egg extract and the fact that the endogenous lamins are all incorporated into nuclei.
Why might higher lamin levels lead to decreased nuclear size? One possibility is that when lamins are incorporated into the lamina above a certain threshold amount, the mechanical properties of the lamina and NE change such that the balance between ER and nuclear membranes shifts toward the ER. As previously discussed, when ER tubules are able to extract membrane from the NE, this leads to a corresponding reduction in nuclear size, as we observed. In this scenario, the increased total lamin levels observed in X. laevis embryos around the MBT may contribute to developmental scaling of nuclear size. It will be interesting to investigate how the stiffness and dynamics of the nuclear lamina change during developmental progression and as a function of the amount of lamin protein incorporated. In this study, we noted that the addition of high lamin concentrations to egg extract nuclei, as well as high lamin expression in cells, led to misshapen wrinkled nuclei, suggesting altered nuclear mechanics.
It was previously reported that high rates of nuclear import correlate with the appearance of intranuclear lamin aggregates and puncta (6), providing another possible explanation for why high lamin levels decrease nuclear size. Perhaps when lamins are imported into the nucleus too rapidly, they are unable to properly assemble into the nuclear lamina meshwork. Instead, unincorporated lamins might aggregate within the nucleus, and these aggregates may even extract lamins already assembled into the lamina, thus leading to smaller nuclei. We observed such intranuclear puncta when high lamin levels were added to egg and embryo extracts, as well as in a small number of transfected mammalian cells that expressed the highest levels of ectopic lamins, consistent with work in other cultured cell systems where lamin overexpression generated membrane-containing aggregates within nuclei (20 -22) . In support of this hypothesis, high concentrations of a LB3 CAAX box mutant defective for farnesylation still formed intranuclear puncta and decreased nuclear size, while a LB3 point mutant defective for lamina assembly did not (Fig. 1D ). This effect might be similar to previous reports of nuclear lamina disassembly by the expression of dominant negative lamin mutants (41, 53) , and is consistent with precipitation of recombinant lamins in lamin storage buffer at concentrations higher than ϳ1 mg/ml (data not shown).
Our data underscore that lamin concentration-dependent effects on nuclear size differ depending on the developmental stage. In particular, high lamin levels that cause nuclei to become smaller in early stages of development lead to nuclear size increases in post-MBT embryos. One possible explanation is that endogenous lamin levels are lower in post-MBT embryos compared with pre-MBT embryos. However, when we correct for total lamin concentration, we still find that the nuclear size data from different developmental stages do not overlap (Fig.  7) . Instead, we propose that the onset of zygotic transcription and cell differentiation that occur at the MBT induces a substantial change in cellular context that might explain why the lamin concentration effect on nuclear size differs in post-MBT embryos. Nuclear import capacity is high in the early embryo, so even relatively low additional lamin amounts (Ͼ10 nM) might reduce nuclear size due to rapid import. The reduced nuclear import capacity in post-MBT embryos may allow nuclei to accommodate higher lamin levels without forming aggregates (6) . In this way, lamin concentrations that interfere with nuclear growth in the egg and early embryo are tolerated at (Fig. 5C) . The x axis is total lamin concentration estimated by summing the ectopic lamin concentration (either added recombinant protein or protein expressed from microinjected mRNA) plus the endogenous lamin concentration for that stage of development.
later stages of development and result in increased nuclear size. Similarly, relative import capacities in somatic and cancer cells may be an important determinant of how lamin expression levels impact nuclear size (54) .
We recently reported that conventional protein kinase C (PKC) activity is sufficient to cause nuclear shrinking with a concomitant removal of lamins from the NE (27) , and nuclear lamins are known substrates for PKC during both mitosis and interphase (55) (56) (57) . In addition, nuclear PKC activity and localization increase during developmental progression past the MBT, contributing to developmental nuclear scaling (27) . Interestingly, in the present study, addition of high lamin levels to endogenous nuclei in pre-MBT embryonic extract did not cause these nuclei to shrink smaller. Changes in PKC activity during development may offer another explanation for why different lamin concentration regimes affect nuclear size differently in early and late stage embryos. Low PKC activity early in development might correspond to slow lamina dynamics and reduced capacity to appropriately assemble high lamin amounts into the lamina. Conversely, later stage embryos may be able to accommodate higher lamin levels due to greater PKC activity and increased lamina dynamics.
Our study of how lamin levels affect nuclear size has potential implications in normal development and disease. First, our data suggest that changes in total lamin levels during Xenopus embryogenesis may represent one mechanism that contributes to developmental reductions in nuclear size. Second, nuclear size is usually increased in cancer cells, and altered nuclear morphology is a key diagnostic and prognostic feature used by pathologists (7, 8) . The changes in nuclear size that we report here fall within the clinically relevant range of nuclear size changes in cancer. For instance, nuclear area increases 29% from stage 1 to stage 4 breast cancer (58) , 16% from primary to metastatic melanoma (59) , and 39% from benign hyperplasia to prostate carcinoma (60) . Furthermore, we recently reported that increasing nuclear surface area in Xenopus embryos by 36% was sufficient to change the timing of the MBT (5), demonstrating that the changes in nuclear size we report in the current study are likely also physiologically relevant in the context of vertebrate development.
Both increased and decreased lamin protein expression have been reported in a variety of different cancers (61, 62) , making it difficult to understand how lamin levels might contribute to nuclear size changes in cancer. LB1 protein expression is 4.4and 7.2-fold increased in early and late stage liver cancer, respectively (63, 64) , and 1.7-fold increased in colorectal carcinoma (65) . A general increase in expression of LB1 and LB2 was noted in squamous cell carcinoma and prostate cancer (66, 67) . On the other hand, a reduction in LB1 expression was observed in colon and gastric cancers (68) , and many small cell lung cancers are negative for B-type lamins (69, 70) . From benign to low grade prostate cancer, lamin A protein levels decrease 1.5-fold, and then increase 2.1-fold from low grade to high grade (71) . Gastric carcinomas, fibrosarcomas, colorectal carcinomas, and small cell lung cancers exhibit 20, 50, 60, and 80% reductions in lamin A/C levels, respectively (70, (72) (73) (74) . Loss or absence of lamin A/C expression was noted in basal and squamous cell carcinomas, primary colon carcinomas and adenomas, gastric cancer, small cell lung cancer, leukemia, and lymphomas (66, 68 -70, 75, 76) . Conversely, lamin A/C, LB1, and LB2 are expressed at 2-4-fold higher levels in high-grade ovarian tumors (77) (78) (79) . Our data offer one possible resolution to these apparently contradictory observations, namely that either increased or decreased lamin levels can lead to increased nuclear size in cancer depending on the cellular context. How changes in lamin levels might impact nuclear size will depend on the lamin complement in the cell type of origin and cancerassociated changes in nuclear transport and other nuclear structural components. The new mechanistic data presented here about the role of lamins in nuclear size regulation will facilitate future studies into the functional significance of nuclear size. 
